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We quantify the nature of the information loss in a Schwarzschild black hole as a function of its mass. We
consider a scalar field in a two-mode squeezed state in the far past, and study the degradation of entanglement
and classical correlations from the perspective of observers outside the black hole due to the Hawking radiation.
Due to monogamy constraints on the distribution of entanglement, we show that the lost bipartite entangle-
ment is recovered as multipartite entanglement among modes inside and outside the horizon. In the black hole
evaporation limit, all bipartite entanglement between modes outside the black hole vanishes while the genuine
multipartite entanglement grows infinitely.
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Entanglement plays an important role in black hole thermo-
dynamics [1] and in the apparent loss of information in a black
hole [2], one of the most challenging problems in theoretical
physics at the moment. The state of a massless scalar field
in the presence of a black hole contains quantum correlations
of the field modes inside and outside the horizon. It has been
shown that the entanglement between modes inside and out-
side the black hole is related to the entropy of the black hole
[1]. Observers outside the black hole have no access to the
modes inside the horizon, thus have incomplete information
about the quantum field, which results in the detection of a
thermal state. This corresponds to a flux of particles, known
as Hawking radiation, emitted from the black hole at a tem-
perature inversely proportional to its mass [3]. In the limit
of an evaporating black hole the temperature of the radiation
approaches infinity, resulting in the detection of a maximally
mixed state which contains no information.
In this paper, instead of merely analyzing the entanglement
between Schwarzschild modes inside and outside the black
hole in the Kruskal vacuum state, we consider ab initio a
two-mode entangled squeezed state in Kruskal coordinates
(as detected by observers in the far past), and study the cor-
relations between the two Schwarzschild modes outside the
black hole and their degradation due to the Hawking radia-
tion. We use techniques of quantum information theory, to
quantify and identify the nature of the correlations (both quan-
tum and classical) lost from the perspective of physical ob-
servers who can access different field modes only outside the
black hole. We find that the bipartite entanglement detected
outside the horizon is more degraded with decreasing black
hole mass M and lower mode frequencies. In the evaporation
limit (M → 0), quantum correlations vanish for all frequency
modes, but some classical correlations remain in the state, al-
though smaller than those in the far past. We show that the en-
tanglement loss is precisely reciprocated by a redistribution of
the original bipartite entanglement into tripartite and mainly
four-partite correlations between modes inside and outside the
Schwarzschild black hole. In the limit of vanishing black hole
mass, the tripartite correlations vanish while the four-partite
entanglement grows unboundedly. Our results thus shed new
light on the nature of the information lost behind the black-
hole horizon, within the quantum-informational framework of
monogamy of entanglement [4].
A preliminary analysis of correlation loss for observers
sharing a two-qubit Bell state |00〉 + |11〉 in the far past has
been recently reported [5], although the entanglement distri-
bution had not been analyzed in that case. We consider in-
stead a two-mode squeezed state shared by observers in the far
past, for the following reasons. This state, ubiquitous in black
hole physics (both in connection to its entropy [1], and to its
final state [6]) is also of special interest in the general con-
text of quantum field theory in curved spacetimes. In curved
spacetimes with at least two asymptotically flat regions, par-
ticle states (necessary in any meaningful entanglement anal-
ysis) can be properly defined [7]. These states correspond
in the most general case to multi-mode squeezed states [8]:
we consider the simplest instance of only two squeezed en-
tangled modes. This assumption, together with the fact that
Schwarzschild and Kruskal coordinates are related by a Bo-
goliubov transformation, yields a great advantage as analyti-
cal techniques from continuous variable quantum information
can be employed to precisely characterize not only bipartite,
but, remarkably, multipartite entanglement [9]. The whole
analysis will indeed deal with Gaussian states and Gaus-
sian operations, whose structural and informational properties
have been intensively studied recently [10, 11, 12].
The setting we consider is that of a scalar field in presence
of an eternal Schwarzschild black hole. Each vacuum mode
of frequency α in the far past, denoted by |0〉Kα in Kruskal co-
ordinates, is a two-mode squeezed state in the Schwarzschild






tanhk r |k〉inα |k〉outα ,
≡ Uαin,αout(r) |0〉inα |0〉outα . (1)
Here |k〉inα and |k〉outα are the Fock states inside and out-
side the black hole as described by two respective sets of




j − aˆiaˆj) is
the two-mode squeezing operator with r the (real) squeezing
parameter, and ai,j , a†i,j , are creation and annihilation opera-
tors for modes i, j. The squeezing parameter r is related to
the frequency α and the mass M of the black hole,
cosh r =
(
1− e−2Mpiα)−1/2 . (2)
The two-mode squeezed state of Eq. (1) is a Gaussian
state, i.e. a continuous variable state with Gaussian char-
acteristic function [9]. Up to local unitary operations,
all the information about a Gaussian state is contained
in the symmetric covariance matrix (CM) whose entries
are σij = 1/2〈{Xˆi, Xˆj}〉 − 〈Xˆi〉〈Xˆj〉 where Xˆ =
{xˆ1, pˆ1, . . . , xˆN , pˆN} is the vector of the field quadrature
operators. In terms of CMs, Eq. (1) reads σ(0)Kα =
Γαin,αout(r)(σ
(0)in
α ⊕ σ(0)outα )ΓTαin,αout(r), where σ(0)inα =
σ
(0)out
α = 12 and Γi,j(r) is the symplectic transformation as-












Suppose now that observers detect, in the far past region
of a Schwarzschild black hole spacetime, an entangled two-
mode squeezed state, which in Kruskal coordinates is de-
scribed by the CM σKλν(ξ) = Γλν(ξ)ΓTλν(ξ), λ and ν being
the frequencies of the modes. The entropy of entanglement
[13] between the modes λ and ν is Sξ = f(cosh 2ξ), where
f(x) ≡ x+12 log[x+12 ]− [x−12 ] log[x−12 ]. (3)
The two modes also share classical correlations. The amount
of classical correlations in the state is equal to the entangle-
ment Sξ. This is because the mutual information [14], quan-
tifying the total (quantum plus classical) amount of correla-
tions in the state, is equal to Iξ = 2Sξ. In the limit of infinite
squeezing (ξ → ∞), the state approaches the ideal (unnor-
malizable) EPR state [15], which contains an infinite amount
of entanglement and mean energy.
We now wish to describe the state from the perspective
of observers moving outside the black hole horizon at later
times: for this purpose, Schwarzschild coordinates are nec-
essary [3, 8]. Each mode is thus transformed according to
the Bogoliubov transformation which acts on the vacuum as
in Eq. (1) (see also [5]). The global state, involving modes
inside and outside the black hole, will be thus a four-mode
pure Gaussian state with CM σin,outλν = OOT , where O =
Γνin,νout(n)Γλin,λout(l)Γλν(ξ), and the parameters l and n
are related to the black hole mass M and to the mode fre-

























where: σXin = [cosh2(x) + cosh(2ξ) sinh2(x)]12 ,
σXout = [cosh
2(x) cosh(2ξ) + sinh2(x)]12 ,
εXinXout = εXoutXin = [cosh
2(ξ) sinh(2x)]Z2 ,
εXinY out = εY outXin = [cosh(y) sinh(2ξ) sinh(x)]12 ,
εXinY in = [sinh(2ξ) sinh(x) sinh(y)]Z2 ,
εXoutY out = [cosh(x) cosh(y) sinh(2ξ)]Z2 .
Here X,Y = {λ, ν} and accordingly x, y = {l, n}.
The observers moving outside the black hole have access
only to modes λout and νout. Therefore, after tracing over the
states in the region inside the black hole, the resulting state is
mixed. We can exactly quantify entanglement in different par-
titions of (mixed) Gaussian states by using a measure known
as the contangle τ [16]. The contangle is equivalent to the
Gaussian entanglement of formation [17], which quantifies
the cost of creating a mixed Gaussian state out of an ensemble
of pure entangled Gaussian states. In the pure-state case, the
entanglement of formation reduces to the entropy of entan-
glement [13]. The entanglement between the modes λout and
νout from the perspective of observers outside the black hole
is given by τλ|ν ≡ τ(σoutλν ) = g[m2λ|ν ] [16], where (setting
c = cosh and s = sinh),
mλ|ν =
2c(2l)c(2n)c2(ξ) + 3c(2ξ)− 4s(l)s(n)s(2ξ)− 1
2 [(c(2l) + c(2n))c2(ξ) − 2s2(ξ) + 2s(l)s(n)s(2ξ)] ,
in case tanh(ξ) > sinh(l) sinh(n). Otherwise, the entangle-
ment vanishes.
The bipartite entanglement depends on the degree of
squeezing ξ (which determines the entanglement in the far
past), on the frequencies λ and ν, and on the mass M of
the black hole. As shown in Fig. 1, entanglement increases
with all these parameters. However, as function of the ef-
fective squeezing parameters l and n entanglement is strictly
decreasing. We observe that the degradation on entanglement
with decreasing mass is stronger if the entanglement Sξ in the
far past was larger. At fixed λ and ν, it is interesting to see
that entanglement vanishes for a finite value of M . The black
hole thus may absorb all the quantum correlations between
given frequency modes, even if it is not close to evaporation.
Conversely, note that for a fixed black hole mass M , the en-
tanglement of low frequency modes vanishes or, better said,
becomes physically unaccessible to the observers outside the
black hole. Even in the ideal case, where the state in the far
past is in an infinitely entangled EPR state [15] (correspond-
ing to ξ → ∞), the entanglement between modes λ and ν
completely vanishes if e2piλM + e2piνM − e2piM(λ+ν) ≥ 0
[see inset of Fig. 1(a)]. Only modes with high frequency re-
main entangled. Moreover, the number of entangled modes
becomes smaller for decreasing black hole mass and, as ex-
pected, the pairwise entanglement between two modes with
given frequencies becomes weaker. In the limit of an evapo-
rating black hole (M → 0) the bipartite entanglement exactly
vanishes between all frequency modes. The quantum correla-
tions are irremediably lost. The Hawking effect is responsible
for degrading and gradually destroying quantum correlations
3FIG. 1: Entanglement between two modes detected outside a black
hole (only nonzero values are plotted). (a) Contangle τλ|ν as a func-
tion of the frequencies of the two modes, for a black hole with mass
M = 1/(2π) and infinite entanglement (ξ → ∞) in the far past.
Inset: trade-off between mode frequencies and black hole mass for
ξ → ∞; entanglement is nonzero only when the parameters take
values inside the convex meshed surface. (b) Contangle τλ|ν (shaded
surface) as a function of the squeezing ξ and the black hole mass M ,
for λ = 1 and ν = 2, compared to the far past contangle 4ξ2 (wire-
frame surface). The entanglement between modes outside the black
hole is clearly degraded with decreasing M .
between two modes detected by observers outside the black
hole, as we have just demonstrated in a full analytical fashion.
It is also possible to calculate the total correlations be-
tween the modes outside the black hole using the mu-
tual information [14] which in terms of the CM reads





f(η+λν) − f(η−λν), where f(x) is defined in Eq. (3), and




2 − 4Det (σoutλν ), with Det (σoutλν ) =
[c2(n) + c(2ξ)s2(n)]c2(l) + s2(l)[c(2ξ)c2(n) + s2(n)]
2
and
∆(σoutλν ) = c
2(2ξ)c4(l)+2[c(2ξ)s2(l)− c2(n)s2(2ξ)]c2(l)+
s4(l) + [c(2ξ)c2(n) + s2(n)]2.
We note that the behavior of the mutual information is qual-
itatively similar to the bipartite entanglement. The most re-
markable and original result obtained in this analysis is that,
in the regime where low frequency modes are disentangled
(corresponding to a black hole close to evaporation, M → 0),
classical correlations are degraded as well. This is shown in
Fig. 2 by the fact that the mutual information I(σoutλν ) even-
tually falls below the threshold Sξ = f(cosh 2ξ), which cor-
responds to the classical correlations (and, equivalently, the
entanglement) in the far past. Previous analyses reported clas-
sical correlations invariant under the Hawking effect, by con-
sidering either a maximally entangled two-qubit state in the
far past [5], or the correlations between modes measured by
an observer falling into the black hole and the other escaping
the fall [19, 20]. However, we find here that in the case of a
two-mode squeezed state in the far past, classical correlations
are strictly invariant only in the limit of an infinite entangle-
ment, ξ → ∞, in which case for M → 0, the total corre-
lations I(σoutλν ) → Sξ. For any finite degree of squeezing
ξ (which only then is physically meaningful), we have thus
shown that Hawking radiation affects mostly quantum, but
also classical correlations between modes detected outside a
black hole. The asymptotic state in the limit M → 0 contains
FIG. 2: Total correlations (quantified by the mutual information,
shaded surface) between modes with frequency λ = 1 and ν = 2 de-
tected outside a black hole, versus squeezing ξ and black hole mass
M . The classical correlations Sξ in the far past are displayed as well
(meshed surface).
indeed some residual classical correlations whose amount is
an increasing function of the squeezing ξ and the mode fre-
quencies λ and ν. Yet, for ξ < ∞ classical correlations are
always smaller than Sξ. We observe that, nevertheless, the
loss of classical correlations never exceeds one ebit.
We are interested in understanding what happened to the
lost quantum correlations. Are they really lost? Where did
they go? Since the two entangled modes in the far past
are transformed, at later times, into a four-partite system in
Schwarzschild coordinates (with two modes, one inside and
another outside the black hole, for each frequency λ and ν)
we consider it of interest to analyze the information stored
in form of multipartite correlations in the state. Multipar-
tite entanglement is a complex topic which can be addressed
in very few cases. Fortunately, thanks to some recent ad-
vances [11, 12, 21], it is possible to quantify multipartite en-
tanglement for Gaussian states. The measure of multipartite
entanglement we use is called the residual contangle and it
is constructed from the observation that entanglement can-
not be freely distributed in a state. There are ‘monogamy’
relations which impose trade-offs on the distribution of bi-
partite entanglement between the various mode partitions of
the system [4]. These relations constrain the residual multi-
partite entanglement which is not stored in couplewise form.
The minimum residual entanglement in the state σin,outλν , de-
rived from the entanglement monogamy inequality defined in
[11, 12, 21], is given by the contangle between the mode λin
and the rest, minus the contangle between λin and λout, i.e.,
τres(σin,outλν ) = τλin|(λoutνinνout) − τλin|λout . Here we la-
beled the modes such that l ≤ n without loss of general-
ity. Given that the bipartite contangles between modes inside
and outside of the same frequency are τλin|λout = 4l2 and
τνin|νout = 4n
2 respectively, and there are no quantum cor-
relations between modes inside and outside the black hole of








The derivation of this result is a straightforward generalization
of the findings of Ref. [21], where the multipartite entangle-
ment of the state in Eq. (4) has been studied, for l = n, in a
4FIG. 3: Residual multipartite entanglement among the four (in and
out) modes, Eq. (5) (shaded surface), versus the squeezing ξ and the
black hole massM , at fixed λ = 1/(2π). The bipartite entanglement
4ξ2 in the far past is displayed as well (meshed surface).
quantum-optical setting. All technical details of these calcu-
lations are given in Refs. [20, 21].
This residual entanglement contains both tripartite and gen-
uine four-partite contributions. The portion of tripartite corre-
lations in the state, with respect to the above mode decom-
position, only involves the mode λin and the two modes out-
side the black hole (the other contributions being zero). We
calculate an upper bound to such tripartite entanglement be-
tween modes λin, λout and νout using the techniques of Refs.






)2]−4l2}. We find that
the tripartite correlations vanish asymptotically for l, n ≫ 0,
which corresponds to a black hole close to evaporation. This
means that a portion of the information from the far past is re-
distributed into correlations with the remaining mode inside,
νin, which are neither of bipartite nor of tripartite nature. Re-
markably, in the regime of large l, n (low frequencies and/or
small black hole mass), we now know that the residual entan-
glement given by Eq. (5) quantifies exclusively the genuine
four-partite quantum correlations among all four modes.
We plot the residual entanglement in Fig. 3 where we see
that it grows with the squeezing ξ. For fixed ξ, it increases
with decreasing black hole mass M . Interestingly, the four-
partite entanglement can rapidly surpass the bipartite entan-
glement 4ξ2 in the far past, and diverges in the evaporation
limit (M → 0). Therefore, not only do we find that all
the bipartite correlations from the far past are entirely redis-
tributed at later times into four-partite correlations among the
Schwarzschild modes, but also that an unlimited amount of
four-mode correlations is created by the presence of an evap-
orating black hole. Note that, in the evaporation limit, the en-
tanglement between modes of the same frequency across the
horizon also diverges. This partly explains the generation of
infinite genuine multipartite entanglement among all the four
modes (the entanglement is said to distribute in a monoga-
mous but ‘promiscuous’ way [21]) and why the bipartite en-
tanglement between the outside modes is degraded and even-
tually destroyed. The infinite energy, associated with such an
infinite multipartite entanglement interlinking the inside and
outside regions of the black hole horizon, is related to the in-
finite temperature at which the black hole radiates, according
to the Hawking effect [3], in the evaporation limit.
Further investigation is needed in order to connect the in-
sights drawn from the present analysis of multipartite entan-
glement to concepts of black hole thermodynamics, with the
aim of achieving a deeper understanding of the inner mech-
anism of black hole evaporation. In this work, we have pre-
cisely characterized the nature of information loss in the case
of entangled bosonic fields in the presence of a black hole
horizon, by observing that nonmaximal classical correlations
are degraded to a certain extent, while entanglement outside
the horizon is lost only to be converted into multipartite quan-
tum correlations among modes inside and outside the black
hole. The corresponding study for Dirac fields is sensible and
currently in progress.
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